Objective-This study examined associations of regional fat depots with all-cause mortality over 11 years of follow-up.
Introduction
The prevalence of obesity in old age is increasing and is strongly associated with poor health and physical function (1; 2) . The association between body weight and mortality is however still somewhat controversial; many studies report an increased mortality risk in the underweight and obese while being overweight has been associated with a both increased and decreased mortality risk. A recent meta-analysis shows that overweight was associated with significantly lower all-cause mortality and a body mass index (BMI) greater or equal to 35 was related to a significantly higher all-cause mortality (3) . The association between BMI and mortality is less pronounced in older adults (4; 5) . and BMI in old age may not be the best indicator for total fat mass (6) The distribution of body fat is more important and strongly associated with health outcomes than total adiposity. Particularly, increased visceral or abdominal fat has been related to a greater risk of metabolic diseases (7; 8) independent of overall adiposity (9; 10). Greater intermuscular thigh fat has also been related to poor health outcomes such as poorer glucose tolerance (8) . Subcutaneous thigh fat in contrast has been associated with more favorable metabolic risk factors (11) .
At present there are very few studies that examined the association between fat distribution and all-cause mortality. A greater waist circumference has been associated with a greater allcause mortality risk even after adjustment for BMI (12; 13) . Waist circumference is often used as a proxy measure for visceral adiposity (14; 15), however, the visceral fat-mortality association need to be confirmed by studies that have direct measures of visceral fat which are limited at present (16) (17) (18) . Further, it is not clear how fat accumulation in other depots in the abdomen and thigh are associated with mortality.
The present study examined the association between abdominal fat (visceral and subcutaneous fat) and thigh fat (intermuscular and subcutaneous fat) with all-cause mortality independent of overall adiposity in a large study of older adults.
Methods

Study Population
The Reykjavik Study cohort originally comprised a random sample of 30,795 men and women born in 1907-1935 and living in Reykjavik in 1967. A total of 19,381 people attended, resulting in 71% recruitment rate. Between 2002 and 2006, the Age, Gene/ Environment Susceptibility (AGES)-Reykjavik (AGES-Reykjavik) Study re-examined 5764 survivors of the original cohort who had participated before in the Reykjavik Study (19) . The AGES-Reykjavik Study was approved by the institutional review boards of the National Institute on Aging, the National Bioethics Committee (VSN: 00-063) and the Data Protection Authority. The comprehensive baseline examination using imaging techniques included a detailed medical history, physical examination, physical performance tests, body composition examination, cognitive tests, laboratory and screening tests, and questionnaires on health-related behaviors. Written informed consent was obtained from all study participants. A total of 5087 participants were included in the present analyses, 488 participants were excluded because of missing body composition data: 79 participants were excluded that were underweight defined as BMI<18.5 kg/m 2 ; and 110 participants had missing data on covariates.
Measures
Body composition-Computed tomography imaging of the mid-thigh and abdomen at the L4/L5 vertebrae was performed with a 4-row detector system (Sensation; Siemens Medical Systems, Erlangen, Germany). Visceral adipose tissue and abdominal subcutaneous adipose tissue were estimated from a single 10mm thick trans-axial section. Images were loaded into an AVS5 display environment. Visceral adipose tissue was distinguished from subcutaneous adipose tissue by tracing along the facial plane defining the internal abdominal wall. Adipose areas were calculated by multiplying the number of pixels by the pixel area using specialized software (University of California, San Francisco). Thigh subcutaneous fat and intermuscular fat were estimated from a single 10mm thick axial image from the femoral midpoint by manually drawing a line along the deep fascial plane surrounding the thigh muscles. The thigh fat depots for the right and left thigh were added.
Mortality-All-cause mortality was ascertained from the Icelandic National Roster (http:// www.statice.is/Statistics/Population/Births-and-death) through September 2013.
Covariates-Covariates included age, level of education, smoking status, physical activity, alcohol consumption, BMI, type 2 diabetes, and coronary heart disease. Level of education was classified into four categories: primary school, secondary, college, and university. Smoking was categorized as never, former, or current cigarette smoker. Physical activity was assessed by one question on the frequency of moderate to vigorous physical activity 1 year prior to baseline. Alcohol consumption was assessed by a questionnaire about the number of alcoholic drinks per month which was converted into grams of alcohol per week. BMI was calculated from measured height and weight. BMI was also categorized as normal weight (18.5-<25 kg/m 2 ); overweight (25-<30 kg/m 2 ); and obese (≥30 kg/m 2 ). Type 2 diabetes and coronary heart disease were determined from self-report, medication use, and clinical assessment.
Statistical analysis
All analyses were stratified for men and women because of known differences in body composition between men and women. Baseline characteristics were compared between men and women using chi-square tests for categorical variables and t-test for continuous variables. Cox proportional hazard models were used to examine the association between each fat depot and time to death or date of follow-up for censored participants. The Cox proportional hazard assumption was tested and not violated. Hazard ratios (HR) are presented per 1 standard deviation (SD) increment of each adiposity measure. Model 1 was adjusted for age, level of education, smoking status, physical activity, alcohol consumption which were all considered confounders. Model 2 included all variables of the first model and BMI to understand whether the potential association between the different adiposity measure and mortality are independent of overall body fatness. Model 3 included all variables of model 2 and type 2 diabetes and coronary heart disease. Interactions between each fat depot and covariates were tested. All analyses were conducted with IBM SPSS Statistics 21.
Results
Baseline characteristics of the study population are shown in table 1. The average age of the study population was 76 years old and most people completed a secondary education. Men had significantly more visceral fat, while women had more abdominal subcutaneous fat. Women also had more thigh intermuscular and subcutaneous fat than men. Participants that were excluded from analyses due to missing data or who were underweight were more likely to be women, were significantly older at baseline, and had lower BMI (all p<0.01).
During 11 years of follow-up with an average follow-up time of 8 years, 919 men and 882 women died. In women, every SD increment in visceral fat was associated with a significantly increased all-cause mortality risk (HR: 1.16, 95% confidence interval (CI) 1.05-1.28) adjusted for age, education, smoking status, physical activity, alcohol consumption, and BMI (Table 2 , model 2). This association remained significant in model 3 after additional adjustment for prevalent diabetes and coronary heart disease. Every SD increment in abdominal subcutaneous fat was associated with a significantly lower mortality risk (HR: 0.70, 95CI: 0.61-0.80) in women (model 3). In men abdominal fat was not associated with mortality.
In men there was a significant association between intermuscular fat and mortality (HR: 1.17, 95%CI: 1.08-1.26, Table 2 , model 3) but not in women (HR: 1.01, 95%CI: 0.94-1.09, model 3). Thigh subcutaneous fat was associated with a significantly lower mortality risk in women in model 2 (HR: 0.89, 95%CI: 0.80-0.99) which became non-significant after additional adjustment for prevalent diabetes and coronary heart disease. In additional analyses we adjusted for blood lipid levels (HDL and LDL cholesterol levels and triglycerides) which did not change our results.
Interactions between each fat depot and covariates were tested in both men and women. Significant interactions with BMI were found in women for visceral and abdominal subcutaneous fat and thigh subcutaneous fat (all p<0.05). Figure 1 shows the stratified results for women adjusted for all confounders. Visceral fat was significantly associated with mortality in obese women only (HR: 1.47, 95%CI: 1.27-1.70) while abdominal subcutaneous fat was associated with lower mortality in normal weight (HR: 0.60, 95%CI: 0.49-0.74) and overweight (HR: 0.71. 95%CI: 0.58-0.86) women. Thigh subcutaneous fat was associated with a lower mortality risk in normal weight women only and was statistically significant in the normal weight (HR: 0.72, 95%CI: 0.58-0.90).
In additional analyses with both visceral and abdominal subcutaneous fat in a single model in women, visceral remained to be associated with a significantly increased mortality risk (HR: 1.13, 95%CI: 1.05-.122) and subcutaneous fat with a significantly decreased mortality risk (HR: 0.77, 95%CI: 0.70-0.84).
Additionally we examined the association between BMI and mortality. Compared to normal BMI (18.5-24.9), being overweight (BMI 25.0-29.9) or obese (BMI ≥30) was not associated with mortality in men. Overweight women had a significantly lower mortality risk (HR: 0.80, 95%CI: 0.68-0.93) compared to women with a normal BMI; but obesity was not associated with mortality.
Discussion
This is one of the first large studies examining the association between regional fat depots and all-cause mortality taking into account both fat depots in the abdomen and thigh. Thigh intermuscular fat was associated with a significant increased risk of all-cause mortality in men independent of overall fatness. In women, visceral fat increased the risk of mortality while abdominal subcutaneous and thigh subcutaneous fat was negatively association with mortality; these associations were also independent of overall fatness. Significant interactions with BMI were found in women indicating that visceral fat was a strong predictor of mortality in obese women while abdominal and thigh subcutaneous fat were associated with a lower mortality risk in normal and overweight women. Results also suggest sex differences in regards to adipose distribution and mortality.
Only a few previous studies have investigated the association between fat distribution from radiographic measures of fat and mortality. A large waist circumference has been associated with an increased mortality risk (12; 13), while a large hip-circumference has been associated with a lower mortality risk (20) . Although these studies suggest that fat distribution is important they do not distinguish between the specific fat depots in the abdomen and thigh. A small study in 291 men showed that greater visceral fat was related to premature mortality independently from total fat (16) . Another recent study also reported a significant positive association between visceral fat and mortality among 733 Japanese Americans (18) . In both studies mentioned above, abdominal subcutaneous fat was not significantly associated with mortality. In 3086 men and women from the Framingham Heart Study neither visceral nor abdominal subcutaneous fat were associated with all-cause mortality (17) .
Numerous studies have shown that visceral adipose tissue is a metabolic risk factor (7; 8; 21). In our study, an increase in visceral fat is strongly associated with an increased mortality risk in obese women. On the contrary subcutaneous fat was negatively associated with mortality in normal and overweight women. Our finding that subcutaneous fat may actually be protective for mortality in overweight women may explain the observation of many previous studies that did not observe an increased mortality risk in the overweight using BMI as a measure of total adiposity (3). The mortality risk associated with specific adipose depots in our study varied by BMI in women. This shows the complexity of relationships between adipose distribution, BMI and health outcomes and indicates that it is more informative to examine multiple measures of adiposity in relation to health risks.
Adipose tissue is an active endocrine organ that secretes several adipokines (22) . Subcutaneous adipose tissue secretes more favorable adipokines, including leptin and adiponectin while visceral adipose tissue is related to more pro-inflammatory markers such as IL-6 and TNF-α (23-26). This may explain the different metabolic effects of these fat depots and the associated mortality risks in the present study. Intermuscular fat has also been related to metabolic risk, inflammation and decreased physical function (8; 23; 27) . A recent study in cancer patients shows that increased muscle fat infiltration is associated with lower survival (28). In our study, intermuscular fat associated with an increased risk mortality risk in men independent of overall fatness. Future studies are needed to corroborate our findings.
Strengths include the large sample size and long follow-up period and the precise body composition measures from CT imaging. Some limitations of the study also need to be considered. First, we adjusted for BMI as a measure of total fat mass; however, BMI does not distinguish fat from lean mass. In a smaller sample within our study population, fat mass, assessed by bioelectric impedance was available and adjusting for total percent fat instead of BMI did not change the results. Second, our study consisted of older Caucasian adults so results may not be generalizable to younger age groups and other ethnicities; future studies are needed to examine the effects of regional fat depots in younger ages with mortality.
In conclusion, intermuscular fat was associated with an increased risk of mortality in men. Visceral fat was associated with an increased mortality risk in obese women. Subcutaneous fat was negatively associated with mortality in normal and overweight women. Results indicate that fat distribution is associated with an increased mortality risk independent of overall fatness. Table 2 Hazard ratios and 95% confidence intervals of mortality according to abdominal visceral and subcutaneous fat and thigh intermuscular and subcutaneous fat 1
Men
Women
Model 1 2
Model 2 3
Model 3 4
Model 1 2
Model 2 3
Model 3 
